Age-related signal intensity changes in the corpus callosum: assessment with three orthogonal FLAIR images Abstract The presence of age-related hyperintensities of the corpus callosum has not been thoroughly evaluated. Fifty-two patients of 50 years of age or older (mean, 71 years; range, 50-87 years) were included in this study. Fluid-attenuated inversion recovery images were obtained in three orthogonal planes. Periventricular hyperintensities (PVHs) and deep white matter hyperintensities (DWMHs) were graded according to Fazekas' rating scale. Correlations between the presence of hyperintensities in the corpus callosum and age, and the grade of PVH and DWMH were statistically analyzed. PVH was categorized as grade 0 (n=4), grade 1 (n=28), grade 2 (n=10), or grade 3 (n=10). DWMH was categorized as grade 0 (n=4), grade 1 (n=25), grade 2 (n=8), or grade 3 (n=15). Hyperintensity was considered present in the corpus callosum in 31 of the 52 patients (60%). In these 31 patients, PVH was categorized as grade 1 (n=16), grade 2 (n=7), or grade 3 (n=8), while DWMH was categorized as grade 0 (n=1), grade 1 (n=10), grade 2 (n=7), or grade 3 (n=13). The presence of callosal hyperintensities was significantly correlated with age (p=0.001), and with PVH (p=0.04) and DWMH grades (p=0.004). Hyperintensities may be present in the corpus callosum with aging, and are correlated with PVH and DWMH.
Introduction
Incidental cerebral white matter hyperintensities on magnetic resonance (MR) images with a long repetition time are commonly seen in elderly people [1] . These incidental hyperintensities in cerebral white matter are referred to as agerelated white matter changes, or leukoaraiosis [2] [3] [4] [5] [6] . The clinical significance of these white matter changes is still incompletely elucidated [2] .
The corpus callosum is the largest and most important transverse commissure connecting both cerebral hemispheres, and exhibits several unusual anatomical features compared with central white matter [7] . The corpus callosum appears to be more resistant to pathological changes in cerebral infarction and Binswanger's disease than central white matter [8] [9] [10] [11] , a property attributed to a rich arterial vascular supply [11] . Aside from the rarity of the event, callosal infarction may show atypical clinical and radiolog-ical presentations [12] . A positive correlation between age and callosal T1 relaxation time and a negative correlation between age and callosal area have previously been established [13] . In more recent works, significant decreases of anterior parts of the corpus callosum during normal aging have been reported [14, 15] .
A recent study using diffusion tensor imaging revealed a significant difference between the posterior and anterior corpus callosum with respect to diffusion anisotropy [16] . Age-related white matter changes have also been studied with diffusion tensor imaging, and decrease of diffusion anisotropy and increase of diffusivity have been shown [17] [18] [19] [20] [21] [22] [23] .
The corpus callosum has been extensively investigated, particularly in patients with demyelinating disorders such as multiple sclerosis (MS) [24, 25] . In previous studies, hyperintensities in the corpus callosum have been described; however, they have not been correlated with age [7] [8] [9] [10] [11] [12] [13] [14] [15] . In addition, the presence of age-related hyperintensities throughout the entire corpus callosum has not been thoroughly evaluated. We hypothesized that the corpus callosum may show age-related hyperintensities. We therefore examined the presence of callosal hyperintensities using three orthogonal fluid-attenuated inversion recovery (FLAIR) images and correlations with the age of subjects and the severity of leukoaraiosis in periventricular and deep white matter.
Materials and methods
From January 2002 to December 2003, a total of 4,662 brain MR examinations were performed in our hospital. Of these, 3,067 MR examinations were performed for patients over 50 years old. A further 2,552 MR examinations were excluded from this study for the following reasons. Subjects with cortical or subcortical infarcts 15 mm in maximum diameter or greater on MR imaging were excluded, primarily because these infarcts often have large-vessel changes [26] , which have pathophysiologies different from white matter hyperintensities. Subjects with a known history of demyelinating disease such as MS or acute disseminating encephalomyelitis, brain tumor, hydrocephalus, past trauma, alcohol or drug abuse, or any other callosal abnormality were also excluded.
The parent population thus comprised 515 patients (515 examinations; 279 women, 236 men; mean age, 69 years; range, 50-93 years). Of these 515 patients, 52 (10.1% of the parent population; 29 women, 23 men; mean age, 71 years; range, 50-87 years) were randomly sampled and entered into this project. Limited numbers of patients were sampled because of limited availability of our MR imaging system and the relatively long acquisition time of FLAIR images (total scan time for three orthogonal FLAIR images, 9 min 10 s). The mean age and the gender ratio of these 52 patients did not differ significantly from those of the parent population (Student's t test). The purpose of MR examination of these 52 patients included investigation of vertigo (n=7), motor weakness (n=9) or dementia (n=6), further examination for infarction suspected on computed tomography (n=13), screening of brain abnormality for diabetes mellitus (n=4) or hypertension (n=7), and preoperative screening for cardiovascular surgery (n=6). This study protocol was approved by the Medical Ethics Committee of our institution.
MR imaging was performed using a 1.5-T whole-body system (Magnetom Symphony, Siemens, Erlangen, Germany) with a head coil. In addition to routine MR imaging including axial FLAIR images, coronal and sagittal FLAIR images were obtained with 3-mm slice thickness and 1-mm interslice gap, to provide coverage of the entire corpus callosum. Scan parameters comprised TR, 10,000 ms; echo time (TE), 147 ms; inversion time (TI), 2,200 or 2,500 ms; field of view (FOV), 22 cm; and number of excitations, 1. Routine MR imaging included T1-weighted sagittal and axial images (TR, 436 ms; TE, 11 ms; FOV, 22 cm; 4-mm thickness; no interslice gap), and a T2-weighted axial images (TR, 7,960 ms; TE, 130 ms; FOV, 22 cm; 3-mm thickness; 1-mm interslice gap) and axial FLAIR images.
Hyperintensities in periventricular and deep white matter were evaluated using Fazekas' visual rating scale. This visual rating scale is considered one of the best white matter rating scales for MR images owing to its simplicity and reliability [27] . All images were analyzed collaboratively by two experienced neuroradiologists. Each neuroradiologist made initial evaluations independently, and any disagreements regarding final conclusions were resolved by consensus between the two. According to Fazekas' rating scale, leukoaraiosis in the periventricular white matter was graded as periventricular hyperintensity (PVH) as follows: grade 0, absent; grade 1, "caps" or pencil-thin lining; grade 2, smooth "halo"; or grade 3, irregular PVH extending into the deep white matter. Hyperintensities around the anterior horn of the lateral ventricles, which have been considered to be a physiological consequence of the local anatomy and possible developmental alterations predisposed by ependymitis granularis were included in grade 1 PVH [28] [29] [30] . Deep white matter hyperintensities (DWMHs) were rated as follows: grade 0, absent; grade 1, punctate foci; grade 2, initial confluence of foci; or grade 3, large confluent areas [29, 31, 32] . FLAIR images were transferred electronically to a personal computer workstation. ExaVision LITE version 1.10 software (ZIO Software, Tokyo, Japan) was used for image display and analysis. Image analysis using the program enabled simultaneous correlation of the position of any point selected in one plane with the position of the same location in the other two perpendicular planes. The corpus callosum was divided into three portions from anterior to posterior, as genu, body, and splenium. Lateral boundaries of the corpus callosum were defined at vertical lines on the apex of the lateral ventricles ( Fig. 1) . A change in signal intensity within the corpus callosum was considered present when focal hyperintensity was identified in the corpus callosum on all axial, coronal, and sagittal FLAIR images. The numbers of these focal hyperintensities in the corpus callosum were counted. Statistical analyses were performed to determine potential correlations between the presence of hyperintensities in the corpus callosum and the patient's age and the grade of leukoaraiosis in the periventricular and deep white matter, using Pearson's χ 2 test. Multiple linear regression analysis was performed to determine potential correlations between the grades of PVH and DWMH and the purposes of the MR examinations. Multiple logistic regression analysis was performed to determine potential correlations between hyperintensities in the corpus callosum and the purposes of the MR examinations. In these analyses, patients scanned for vertigo without hypertension (n=7) were used for reference because it has been reported that there are no differences in cerebral white matter hyperintensities in subjects with and without vertigo [33] . For all statistical analyses, values of p<0.05 were considered significant.
Results
PVH was categorized as grade 0 (n=4), grade 1 (n=28), grade 2 (n=10), or grade 3 (n=10) ( Table 1) . DWMH was categorized as grade 0 (n=4), grade 1 (n=25), grade 2 (n=8), or grade 3 (n=15) ( Table 1) .
Callosal hyperintensity was considered present in 31 of the 52 patients (Figs. 2, 3) . Six hyperintensities were found in the genu of the corpus callosum in six patients, while the body contained 20 hyperintensities in 15 patients, and the splenium contained 29 hyperintensities in 29 patients. All 31 patients with callosal hyperintensities displayed PVHs (grade 1, n=16; grade 2, n=7; grade 3, n=8), while all except one patient displayed DWMHs (grade 0, n=1; grade 1, n=10; grade 2, n=7; grade 3, n=13) ( Table 1 ). Of the 20 hyperintensities in the body of the corpus callosum, 15 (75%) were found in the lateral inferior portion on coronal FLAIR images (Fig. 2) . Hyperintensities in the genu of the corpus callosum involved the mid-posterior surface, and most hyperintensities in the splenium involved the midanterior surface (Fig. 2) .
Significant correlations were identified between age and the grade of PVH (p<0.0001), and the grade of DWMH (p=0.0001). Significant correlations were identified between the presence of hyperintensity within the corpus callosum and age (p=0.001), the grade of PVH (p=0.04), and the grade of DWMH (p=0.004) ( Table 2 ). The presence of hyperintensities in the genu of the corpus callosum was not significantly correlated with age (p=0.5) or PVH (p=0.09), but was significantly correlated with the presence of DWMH (p=0.01). The presence of hyperintensities in the body of the corpus callosum was significantly correlated with age (p=0.008), PVH grade (p=0.0002), and DWMH grade (p< 0.0001). The presence of hyperintensities in the splenium of Data are given as numbers of patients B body, S splenium, BS body and splenium, GBS genu, body, and splenium the corpus callosum displayed no significant correlation with PVH grade (p=0.1), but significant correlations with age (p=0.003) and DWMH grade (p=0.02). By multiple linear regression analysis, the grade of PVH showed significant correlation with hypertension (p=0.02), and the grade of DWMH showed significant correlation with hypertension (p=0.005) and diabetes mellitus (p=0.009). By multiple logistic regression analysis, the presence of hyperintensities within the corpus callosum did not show significant correlation with the purposes of the MR examinations (Table 3) .
Discussion
The present investigation revealed hyperintensities in the corpus callosum using three orthogonal thin FLAIR images. In addition, significant correlations between the presence of callosal hyperintensities and the grades of PVH and DWMH were demonstrated. Furthermore, age was significantly correlated with the presence of hyperintensities in the corpus callosum. The grade of PVH showed significant correlation with hypertension, and the grade of DWMH showed significant correlation with hypertension and diabetes mellitus. To the best of our knowledge, this is the first study to undertake detailed evaluation of age-related hyperintensities throughout the entire corpus callosum. Chrysikopoulos et al. [34] found that infarction affects the splenium of the corpus callosum more often than the genu or body. They attributed this finding to the greater incidence of infarction in the territory of the posterior cerebral artery compared with that of the anterior cerebral artery. In the present study, hyperintensities were found more often in the splenium (n=29) than in the genu (n=6) or body (n=15). Callosal hyperintensities may not necessarily represent infarction, but may share a common etiology with callosal infarction.
In the body of the corpus callosum, the majority of hyperintensities (75%) were restricted to the lateral inferior portion. These distributions are different from those of demyelinating disorders and may enable differentiation of the two. This finding is consistent with a recent pathological study [35] and experimental studies in rats [36, 37] and may strengthen the hypoperfusion and ischemic injury hypothesis as a pathogenesis of leukoaraiosis. As previously suggested by Moody et al. [7, 38] and Gean-Marton et al. [24] , the unique arterial blood supply to the corpus callosum may play a role in the distribution of callosal hyperintensities (Fig. 1) [11] . The arterial vascular supply to the central zone of the genu and body of the corpus callosum resembles that of the cerebral cortex, comprising short penetrating arterioles. The inferior surface of the corpus callosum represents the terminal zone of the penetrating arteries, and is thus vulnerable to ischemic changes. Moreover, the extreme lateral corpus callosum and centrum semiovale are perfused predominantly by long arteries (Fig. 1) [7, 11, 38] . This long arterial supply may result in ischemic vulnerability of the lateral inferior portion of the body of the corpus callosum.
In the genu and splenium of the corpus callosum, hyperintensities in the present study involved the mid-posterior and mid-anterior surfaces, respectively. These findings are partly consistent with the results of Pekala et al. [39] , who found hyperintensities in the anterior portion of the callosal splenium. As with the body of the corpus callosum, a vas- cular supply comprising short penetrating arterioles may play some role in the distribution of these hyperintensities. Furthermore, in the splenium, the mid-anterior surface abuts against the cistern of the velum interpositum and lacks ependymal coverage [40, 41] . The anatomical features unique to the splenium of the corpus callosum may contribute to the development of hyperintense signal in this region.
In the current study, the presence of hyperintensities in the genu of the corpus callosum displayed no correlation with PVH grade (p=0.09), but was correlated with DWMH grade (p=0.01). The presence of hyperintensities in the body of the corpus callosum was correlated with both PVH grade (p=0.0002) and DWMH grade (p<0.0001). The presence of hyperintensities in the splenium of the corpus callosum was not correlated with PVH grade (p=0.1), but was correlated with DWMH grade (p=0.02). These differences may be due to differences in the pathogenesis of hyperintensities in each region of the corpus callosum. Relatively few hyperintensities were identified in the genu (n=6), and this may have contributed to the poor correlation between the presence of hyperintensities in this area and both age and PVH grade. In the body of the corpus callosum, as in the periventricular white matter and the deep white matter, widespread reduction of perfusion pressure with cerebral small-vessel changes may play a significant role, as discussed earlier. In the splenium of the corpus callosum, in addition to this hypoperfusion, factors such as anatomical characteristics may exert some effect on the development of hyperintensities [40, 41] . This investigation revealed more hyperintensities in the corpus callosum than have been reported in earlier studies [24, 25] . This may be attributable to two reasons: age; and differences in imaging parameters. The mean age of the subjects in the present study was older than that of subjects in previous studies. Also, imaging using thin FLAIR scans can identify more lesions than T2-weighted imaging, as the potential partial volume averaging of bright CSF with periventricular tissues is eliminated on CSF-nulled FLAIR images [25] . In addition, the use of 3-mm-thick sections tends to eliminate partial volume averaging in the corpus callosum, allowing improved detection of small, low-contrast lesions [42, 43] .
In the current study, the grades of PVH and DWMH were correlated with age (p<0.0001 and p=0001, respectively). The grade of PVH was correlated with hypertension (p= 0.02), and the grade of DWMH was correlated with hypertension (p=0.005) and diabetes mellitus (p=0.009). These results are consistent with previous reports [1, 6, [44] [45] [46] [47] [48] [49] [50] [51] . Age and hypertension have been closely associated with cerebral white matter hyperintensities [6, [46] [47] [48] [49] [50] [51] . In addition, a recent prospective study demonstrated a relationship between diabetes and white matter hyperintensities [45] . In the present study, the presence of hyperintensities within the corpus callosum was correlated with age (p=0.001), but not with the purposes of the MR examinations, although this may be partly attributable to the limited number of patients in each subgroup for statistical analysis.
Three orthogonal thin-slice FLAIR images are useful for assessing lesions in the corpus callosum. A retrospective study using axial and sagittal FLAIR images revealed the presence of hyperintensities in the splenium of the corpus callosum [39] . Evaluation of hyperintensities in the corpus b Coronal FLAIR images confirm that these hyperintensities are all located in the superior portion of the septum pellucidum and in the crus fornices (arrows). callosum using only one (e.g., axial) or two planes (e.g., axial and sagittal) may misidentify hyperintensities located outside the corpus callosum as lesions located within the corpus callosum. In the current study, hyperintensities in the septum pellucidum and crus fornices on axial and sagittal FLAIR images were confirmed using coronal FLAIR as representing hyperintensities located outside the corpus callosum (Fig. 4) . We use axial FLAIR images as routine MR imaging and recommend additional coronal FLAIR images as the first choice and sagittal FLAIR images as the second choice when evaluation of callosal hyperintensities is needed.
The present study revealed that hyperintensities are occasionally present in the corpus callosum in elderly individuals, and that they are correlated with leukoaraiosis in periventricular and deep white matter. The presence of hyperintensities in the corpus callosum showed significant correlation with age, which may reflect increasing severity of ischemic tissue damage.
